In the present study, we have developed and demonstrated a coronary artery imaging protocol in rats using transthoracic high-frequency CDE (colour Doppler echocardiography) to investigate the potential direct effects of exercise on CFVR (coronary flow velocity reserve). SHR (spontaneously hypertensive rats) performed voluntary exercise for 6 weeks. Rats were then submitted to ultrasonographic examination and CFVR measurements. The LAD (left anterior descending coronary artery) was visualized using transthoracic CDE in a modified parasternal long-axis view. Doppler measurement was made in mid-LAD during baseline and adenosine-induced hyperaemic condition. Gene and protein expression in cardiac tissue were studied using realtime PCR and immunohistochemistry. Adenosine infusion significantly (P < 0.001, as determined by ANOVA) decreased HR, without affecting blood pressure in anaesthetized SHR. A significantly greater adenosine dose-dependent response was seen in exercised rats compared with controls (P = 0.02, as determined by ANOVA). The baseline flow velocity in mid-LAD was 0.33 + − 0.06 and 0.41 + − 0.14 m/s in the exercised and control animals respectively (P value was not significant). The maximum adenosine-induced response was reached at a dose of 140 µg · kg −1 of body weight · min −1 , and CFVR averaged at 2.6 + − 0.53 and 1.5 + − 0.24 in exercised and control animals respectively (P < 0.01). Gene expression of CuZnSOD was up-regulated by 21 % in exercised animals compared with controls (1.1 + − 0.16 compared with 0.89 + − 0.09; P < 0.01), whereas eNOS expression was unchanged. In conclusion, CFVR in rats can be non-invasively assessed using CDE with high feasibility. Physical exercise is associated with improved CFVR and antioxidative capacity in SHR.
A B S T R A C T
In the present study, we have developed and demonstrated a coronary artery imaging protocol in rats using transthoracic high-frequency CDE (colour Doppler echocardiography) to investigate the potential direct effects of exercise on CFVR (coronary flow velocity reserve). SHR (spontaneously hypertensive rats) performed voluntary exercise for 6 weeks. Rats were then submitted to ultrasonographic examination and CFVR measurements. The LAD (left anterior descending coronary artery) was visualized using transthoracic CDE in a modified parasternal long-axis view. Doppler measurement was made in mid-LAD during baseline and adenosine-induced hyperaemic condition. Gene and protein expression in cardiac tissue were studied using realtime PCR and immunohistochemistry. Adenosine infusion significantly (P < 0.001, as determined by ANOVA) decreased HR, without affecting blood pressure in anaesthetized SHR. A significantly greater adenosine dose-dependent response was seen in exercised rats compared with controls (P = 0.02, as determined by ANOVA). The baseline flow velocity in mid-LAD was 0.33 + − 0.06 and 0.41 + − 0.14 m/s in the exercised and control animals respectively (P value was not significant). The maximum adenosine-induced response was reached at a dose of 140 µg · kg −1 of body weight · min −1 , and CFVR averaged at 2.6 + − 0.53 and 1.5 + − 0.24 in exercised and control animals respectively (P < 0.01). Gene expression of CuZnSOD was up-regulated by 21 % in exercised animals compared with controls (1.1 + − 0.16 compared with 0.89 + − 0.09; P < 0.01), whereas eNOS expression was unchanged. In conclusion, CFVR in rats can be non-invasively assessed using CDE with high feasibility. Physical exercise is associated with improved CFVR and antioxidative capacity in SHR.
INTRODUCTION
Numerous studies have shown beneficial effects of exercise on the cardiovascular system. Epidemiological studies in man reveal that physical activity reduces the risk of cardiovascular-related death [1] . There is also evidence that physical exercise is an efficient therapeutic strategy against hypertension [2, 3] and chronic heart failure [4] . Recently, Hambrecht and co-workers [5] showed that exercise is superior to primary percutaneous coronary intervention in patients with stable CAD (coronary artery disease). This interesting finding indicates that exercise may exert direct effects on the coronary artery function in man.
The cellular mechanisms by which exercise exerts its positive effects are only beginning to be understood. There are many data indicating that exercise attenuates oxidative stress by up-regulation of antioxidant enzymes [6] . This is in line with our previous findings [7] showing increased gene expression of CuZnSOD [copper/zinc SOD (superoxide dismutase)] in aortic tissue of trained SHR (spontaneously hypertensive rats). However, there are conflicting data in the literature regarding CuZnSOD expression in cardiac tissue following exercise, depending on study design and animal models used [8] .
In basic research, coronary artery function has traditionally been studied using time-consuming and expensive invasive techniques [9, 10] . In man, transthoracic highfrequency CDE (colour Doppler echocardiography) has emerged as an interesting non-invasive approach to assess CFVR (coronary flow velocity reserve) [11] . We showed recently [12] that a similar technique can be used to image coronary arteries in living mice; however, the usefulness of this technique to assess CFR (coronary flow reserve) in rats still remains to be explored.
In animals, studies on the effects of physical exercise on cardiovascular function have almost exclusively been performed using forced training protocols [13] [14] [15] . Using a voluntary exercise model, we have shown recently [7] improved aortic compliance and resistance artery endothelial function. In the present study, we aimed to establish a non-invasive protocol to assess CFVR in rats following voluntary endurance training. We also explored expression patterns of eNOS [endothelial NO (nitric oxide) synthase] and CuZnSOD in the cardiac tissue.
MATERIALS AND METHODS

Animals
CFVR was measured in a total of 37 animals. The intervention study was performed in ten SHR (M&B, Ejby, Denmark). In the feasibility study, seven male SHR and seven male WKY (Wistar-Kyoto) rats (M&B) were included, and for evaluation of intra-and inter-observer variability another 13 male WKY rats were used. For gene expression studies, cardiac tissues were collected from another ten female exercising SHR and ten female controls from a previous study [7] . Animals arrived at the age of 7 weeks, and were acclimatized for 1 week before the start of the experiment. All animals were housed at standard conditions, and weighed once a week throughout the experiment period.
The experimental protocol was approved by the Regional Animal Ethic Committee, Göteborg University, Göteborg, Sweden.
In vivo telemetry
For measurement of BP (blood pressure) in vivo, the telemetry technique was used as described previously [16] . Briefly, ten female SHR in the intervention study underwent a surgical procedure and the radiotelemetry transmitters were implanted. Rats were anaesthetized using isoflurane gas (3-4 %; Forene; Abbott Scandinavia, Stockholm, Sweden) in 340 ml/min airflow. A telemetry transmitter catheter (OD; Data Sciences International, St Paul, MN, U.S.A.) was implanted into the abdominal aorta. The transmitter was positioned in the right flank of the animal. Incisions were closed with staples. When collecting BP and HR (heart rate) signals, the cage containing the animal was placed on a receiver plate and the signal was registered using a digital data acquisition system (PharmLab, AstraZeneca R&D, Mölndal, Sweden). After the surgical procedure, the animals recovered and were acclimatized for 6 weeks.
Computerized wheel cage model for voluntary exercise
This model has been described in detail previously [17] . In brief, rats were randomly divided into an exercising (n = 5) and a control (n = 5) group. All animals were allocated individually into separate cages of the same size (41 × 31 × 23 cm) for 6 weeks. Rats assigned to the exercising group had access to a running wheel (22.5 cm diameter) attached to the side of the cage. Wheel revolutions were automatically registered with customized computer software.
Echocardiography
Anaesthesia
After the 6 weeks training period, animals were anaesthetized with isoflurane gas and the anterior chest wall was shaved mechanically and chemically. Tail veins were dissected free and catheterized for subsequent intravenous administration of adenosine (ITEM Development, Stocksund, Sweden). Animals were maintained lightly anaesthetized with an isoflurane dose of 1.6 % in 430 ml/min air flow.
Cardiac ultrasound
A Philips HDI 5000 sonograph (ATL HDI 5000; ATL Ultrasound, Bothell, WA, U.S.A.) was used with a high-frequency 15 MHz linear transducer (Sonos 5500; Agilent, Andover, MA, U.S.A.). A three-point ECG was connected to the right upper and both lower extremities of the rat. ECG signals were displayed in real-time on the echocardiograph. PQRST components of the ECG complex could be identified readily, facilitating differentiation of the systolic and diastolic phase of the cardiac cycle. Ejection fraction, stroke volume and LVM (left ventricle mass) were calculated using formulas validated previously [18, 19] .
CFVR in the LAD (left anterior descending coronary artery)
In addition to the standard views used for echocardiographic imaging of the cardiac function, a modified parasternal long-axis projection was used for Doppler recording of the blood flow velocity in the mid-part of the LAD (Figure 1 
Feasibility and intra-and inter-observer variability
To evaluate success rate of the CFVR protocol further, we studied another seven male SHR and seven male WKY rats using a fixed dose of adenosine (140 µg · kg −1 of body weight · min −1 ), which was the dose to cause maximal hyperaemia based on the intervention study. Furthermore, 13 additional WKY rats were also examined on two occasions by one operator during a 30-min anaesthesia. Baseline and hyperaemic coronary flow velocity values were measured to evaluate intra-observer variability regarding V max and V mean , as well as CFVR. Inter-observer variability for assessment of baseline mid-LAD flow velocity was evaluated by two independent operators, and Doppler signals were analysed off-line by a blinded operator.
Sample collection
In the days following the echocardiographic examination, the animals were injected with an overdose of pentobarbital sodium and then killed. Blood samples were taken immediately after opening the right atrium. Rats were perfusion-fixed at 100 mmHg with 4 % buffered formaldehyde, and the heart was thereafter free-dissected for subsequent immunohistochemical analysis. Hearts were also collected from the additional group of ten exercising females and ten control females. Left ventricles were thereafter dissected free from the cardiac tissues and snap frozen in liquid nitrogen and stored for RNA analysis.
Quantification of gene expression
RNA extraction and cDNA synthesis
Left ventricles were homogenized and total RNA was extracted using Trizol ® Reagent (Invitrogen, Paisley, Scotland, U.K.). cDNA synthesis was carried out by RT (reverse transcription) using ThermoScript TM RT-PCR system (Invitrogen) according to the manufacturer's protocol.
Quantitative real-time PCR
Relative quantification of mRNA expression was performed on a LightCycler (Roche Diagnostics, Mannheim, Germany) using SYBR ® green chemistry, and the reaction protocol and oligonucleotide primer sequences for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), eNOS and CuZnSOD were as reported previously [7] .
Validation of gene expression quantification
The principles of the relative quantification, as well as the validation of amplification efficiency of the PCR for respective target genes, have been reported previously [7] .
Validation of endogenous control gene in cardiac tissue
The calculated relative dilution values for GAPDH, obtained by the second-derivative maximum method [20] , were similar in left ventricular tissues from both exercised and control groups (0.16 + − 0.02 and 0.15 + − 0.02 respectively; P value was not significant).
Immunohistochemistry
Fixed cardiac tissue was dehydrated, embedded in paraffin and cut into 5 µm thick sections at the level of the mitral valve. Following rehydration and standard pretreatment steps, sections were incubated with the specific primary antibody and antibody binding was determined as reported previously [7] . Statistics PRISM TM 3.0 (GraphPad, San Diego, CA) was used for statistical analysis. Data are means + − S.D. Basic and echocardiographic characteristics between exercised and control animals, SHR and WKY rats, male and female SHR, as well as relative gene expression levels between exercised and control animals, were compared using the nonparametric Mann-Whitney test. Daily running distance of the exercised animals during the study was analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test. BP and HR responses to adenosine, as well as adenosine-induced dose-dependent responses in CFVR, were analysed using two-way repeated measurement ANOVA. When the P value from the overall ANOVA was significant, post-hoc testing was performed using Bonferroni's multiple comparison test. Pearson's correlation test was performed using STATISTICA 6 for Windows (StatSoft, Tulsa, OK, 
RESULTS
Basic and echocardiographic characteristics
BWTs were similar in exercised (250 + − 12 g) and control (253 + − 11 g) animals. Basic echocardiographic characteristics were also similar in both groups, except for the LVM/BWT index, which was significantly (P = 0.03) higher in exercised rats. Values are summarized in Table 1 .
Running activity
The exercised animals increased their running activity significantly during the study (P < 0.0001, as determined by one-way ANOVA), and the average daily running distance reached a level of 11.4 + − 1.83 km at week 3 and remained unchanged throughout the study.
BP
There was no difference in resting mean BP between the two groups (85 + − 25 and 79 + − 36 mmHg in exercised and control animals respectively; P = 0.9). Also, under hyperaemic conditions, mean BP was similar in both groups (96 + − 19 and 95 + − 21 mmHg in exercised and control animals respectively; P = 0.9). Furthermore, BP was unaffected by increasing doses of adenosine infusion (P = 0.7 for dose, as determined by ANOVA).
HR
HR was significantly decreased during the adenosine infusion (P < 0.001 for dose, as determined by ANOVA). However, the decrease in HR was similar in both groups of animals (P = 0.3 for dose × group, as determined by two-way ANOVA). At rest, HR was 263 + − 52 beats/min in exercised animals and 281 + − 31 beats/min in controls (P = 0.9) and, at hyperaemia, HR was 213 + − 14 beats/min in exercised animals and 239 + − 35 beats/min in controls (P = 0.4).
CFVR
Adenosine induced significant dose-dependent increases of coronary flow velocity in both exercised and control animals (P < 0.001 for the dose, as determined by ANOVA). Adenosine induced a significantly greater dose-dependent increase in CFVR in exercised animals compared with controls (P = 0.02 for dose × group, as determined by two-way ANOVA). Maximal CFVR was obtained at a dose of 140 µg · kg −1 of body weight · min −1 ; Figure 2 ).
Feasibility and intra-and inter-observer variability
Baseline as well as hyperaemic coronary flow velocities were obtained in all animals in the study. Male SHR revealed a CFVR of 1.9 + − 0.19, which was similar to that in WKY rats (1.5 + − 0.48). Also, there was no difference in CFVR between male and female SHR. No correlations were found between CFVR and resting, hyperaemic and percentage change of HR during adenosine infusion, or between CFVR, LVM and LVM/BWT. This was true for the whole study population, as well as the individual subgroups. There was a good correlation between V max and V mean values (r = 0.92, P < 0.0001). In addition, CFVR values were identical between V max -and V meanbased measurements. Intra-observer CV for baseline V max and V mean measurement was 8.1 and 12.6 % respectively, and for the adenosine-induced hyperaemic V max and V mean measurement was 8.4 and 13.8 % respectively. Intra-observer CV for CFVR values was 11.2 %. Interobserver CV for V max and V mean measurements was 12.2 and 12.4 % respectively.
Quantification of eNOS and CuZnSOD gene expression
No significant difference was detected in eNOS gene expression between the exercised and control rats. Relative eNOS gene expression levels normalized to GAPDH were 0.73 + − 0.37 in exercised animals and 0.54 + − 0.15 in controls.
After 6 weeks of exercise training, CuZnSOD gene expression in exercised animals was significantly (P < 0.01) up-regulated compared with controls. Relative gene expression levels normalized to GAPDH were 1.1 + − 0.16 in exercised animals and 0.89 + − 0.09 in controls.
Immunohistochemical protein localization of eNOS and CuZnSOD
Immunohistochemical staining of cardiac tissues revealed distinct endothelial localization of eNOS in the LAD and surrounding microvessels in both exercised and control animals. CuZnSOD expression was preferentially seen in the endothelium and smooth muscle cells close to the lumen in the LAD. Furthermore, CuZnSOD was also clearly expressed in the cardiomyocytes (Figure 3) . Tissue preparations incubated with media lacking primary antibody served as negative controls. No immunoreactivity was detected in these sections, which verified the specificity of the immunostaining.
DISCUSSION
In the present study, we have demonstrated a novel noninvasive approach to assess CFVR in living rats. The method seems to be highly feasible in both SHR and WKY rats. Adenosine induced dose-dependent increases in coronary flow in all animals and caused a slight reduction in HR, without any significant impact on BP. SHR performing voluntary exercise had a significantly higher CFVR than controls with concomitant up-regulation of cardiac CuZnSOD gene expression, whereas eNOS gene expression was unaffected.
Hozumi et al. [21, 22] were among the first to use transthoracic high-frequency CDE in assessment of CFVR with high feasibility in man. Thanks to the fast technical advancement within ultrasound imaging, feasibility for human coronary artery imaging is improving continuously. CFVR has been shown to predict significant stenosis in LAD and to be closely correlated with coronary blood flow reserve as measured by PET (positron emission tomography) [23] . Adenosine has been shown to exert its vasodilatory effects through both NO-dependent and -independent mechanisms [24] .
Figure 3 Representative immunohistochemical images showing (A) eNOS protein localization in the endothelium of the LAD, (B) eNOS negative control, (C) CuZnSOD protein expression in the LAD and surrounding myocytes, and (D) CuZnSOD negative control
Scale bar, 50 µm.
The flow-mediated vasodilation, which takes place in coronary arterioles, has been found to require intact endothelial NO producing capacity [25] . Interestingly, Otsuka et al. [26] have shown that acute passive smoking reduces CFVR in healthy non-smokers, which indicates that CFVR can reflect coronary artery endothelial function.
However, due to highly variable body compositions and the considerable limiting factors of the ultrasound beams, such as ribs and lungs, it can still be challenging to achieve a 100 % success rate in the clinical environment. Nevertheless, in the hands of skilled and experienced operators, the CFVR method indeed appears to be promising [21] . The discovery that mice, despite their extremely high HR, have a human-like coronary flow profile with regard to magnitude and duration during the cardiac cycle, also made this non-invasive CDEbased approach attractive within animal research [12] . The high feasibility and reproducibility during mouse coronary imaging are due to the relatively thin chest wall and anterior localization of the heart in rodents, which facilitates the use of high-frequency ultrasound beams. A 15 MHz linear probe with colour Doppler frequency up to 7 MHz was used for mice compared with the human situation, where the usage of high-resolution transducers is often hampered by their limited penetration depth.
The present study is the first to investigate LAD CFVR by use of transthoracic high-frequency CDE in rats. Using an imaging window similar to the one used in mouse and man, a relatively long segment of 2-3 mm of the rat LAD can be visualized in the anterior interventricular groove. This possibility ensures a reproducible localization of LAD and also accurate Doppler measurement. Under colour Doppler guidance, the Doppler measurement is typically performed using an insonation angle below 45
• . This angle is kept constant between baseline and hyperaemic conditions to achieve reproducible CFVR measurement. Although insonation angles influence the absolute magnitudes of flow velocities, the fact that CFVR is the ratio between the baseline and hyperaemic flow velocity values makes the CFVR approach less angle dependent. Compared with mouse coronary imaging techniques with intra-observer variability of approx. 5 %, the somewhat larger CV for rat coronary imaging may be contradictory. This larger methodological variation can be principally explained by technical difficulties associated with the relatively thicker chest wall of rats. In addition, the imaged coronary artery can sometimes be out of the Doppler gate, due to the considerable amplitude of the cardiac motion, resulting in indistinct Doppler signals. This phenomenon may explain the smaller CV when measuring V max compared with V mean , which requires that the whole Doppler signal can be delineated. The excellent correlation between CFVR using V max and V mean measurement may suggest that V max should be used in the future thanks to the simplicity and the relatively lower CV. In the present study, the intra-and inter-observer CV were evaluated during a 30 min anaesthesia period to demonstrate reproducibility of the coronary artery imaging protocol. However, due to potential effects of repeated anaesthetic events and the effects of adenosine on basic cardiovascular physiology, inter-observer CV for CFVR, as well as biological variation of CFVR between days, weeks and during different humoral influences, still remain to be investigated. Nevertheless, the technique is highly feasible and reproducibility is acceptable, especially for a preclinical research approach, where differences between groups are often studied.
Adenosine typically induces a 1.5-2-fold increase in coronary flow in non-exercised rats, which is relatively low compared with the healthy human counterpart, whose CFVR is typically between 2.5-5.5-fold [11] . However, our data are consistent with those published previously on CFR in rats [27] , as assessed by small animal PET, which showed an average CFR value of 1.5-fold in response to adenosine during isoflurane anaesthesia. Interestingly, the authors [27] also showed a slightly higher CFR value when using propofol instead of isoflurane as the anaesthetic. However, for administration of propofol, an intravenous approach is needed, which complicates the imaging procedure further. Therefore only isoflurane was used in the present study for both control and exercised animals. Using MCE (myocardial contrast echocardiography), Oshita et al. [49] showed satisfactorily that dipyridamole induced an approximate 2-fold increase in the myocardial blood flow, which supports further the CFVR values of non-exercised rats in the present study.
Adenosine has been shown to be a potent dilator of capillaries and arterioles with virtually no influence on the epicardial artery diameter [28] . This feature is utilized in assessment of CFR using Doppler measurement in the clinical setting. Adenosine also has the advantage of not having any significant influences on systemic haemodynamics, such as BP and HR. The latter could be elevated slightly in response to peripheral vasodilation. In rats, non-selective adenosine agonists have been shown to induce bradycardia [29, 30] , which was also evident in the present study, where HR decreased by approx. 20 % in both exercised and control animals, during maximal dose of adenosine infusion. However, the change in HR by adenosine did not seem to have any significant influence on the coronary flow velocities or CFVR, since no correlation was found between baseline, hyperaemic or percentage reduction of HR and CFVR. This was true for both the entire study population and the subgroups. BP was not affected by the increasing doses of adenosine, despite the decrease in HR, a finding which was also supported by studies by, for example, Webb et al. [30] .
Exercise training has been shown to improve CFVR in healthy subjects [31] as well as in patients with CAD [32] . These beneficial effects of exercise have largely been ascribed to an improved coronary endothelial and smooth muscle cell function. In a previous exercise study on rats, we showed [7] improved endothelial function in mesenteric resistance arteries. It is conceivable that the increased CFVR in the exercised rats could be due to improved function in myocardial resistance arteries. Indeed, following the primary adenosineinduced peripheral vasodilation, this vascular bed constitutes a rate-limiting site for further flow-mediated vasodilation. By using a Langendorff perfusion system, swim-training studies in WKY rats have revealed an increased CFR after 8 weeks of exercise [33] , which further supports our present findings.
Hambrecht et al. [34] showed different aspects of exercise-induced effects on vascular function from molecular to physiological mechanisms in a population with CAD. To be able to study a similar phenomenon in healthy volunteers, a non-invasive approach is often preferred. Instead of traditional invasive techniques, we demonstrated in the present study a novel non-invasive technique to assess CFR in rats. We believe that this new approach may facilitate future translational studies from rodents to man. Furthermore, for exploration of molecular mechanisms following exercise or novel pharmacological interventions, animal models could be of great value for mechanistic studies in specific coronary arterial tissues, as shown using immunohistochemistry in the present paper, whereas this will not be possible in humans due to evident ethical reasons.
Consistent with our previous findings in rat aorta [7] , gene expression analysis of the heart revealed an increase in CuZnSOD in exercised compared with control animals, whereas eNOS expression was unaffected by the training protocol. It is proposed that the activation of SOD during exercise is the result of increased O 2 − (superoxide) production, due to elevated oxygen consumption [6, 35] . Furthermore, during increased workload, coronary arteries undergo flow-mediated vasodilation due to peripheral vasodilation in response to increased metabolic demand. Indeed, there is accumulating evidence that shear/flow can induce the upregulation of CuZnSOD mRNA [36] . In contrast with our present findings, Wilson et al. [8] have shown decreased CuZnSOD mRNA levels after 10 weeks of treadmill running. Several major differences, concerning study design and the methods used by Wilson et al. [8] and us, may explain the discrepancies in our findings, e.g. male compared with female rats, forced compared with voluntary training, tissue from left ventricle outer wall compared with the entire left ventricle, and RNase protection assay compared with real-time PCR. However, our finding is supported by several other studies that have shown increased cardiac SOD mRNA [37] and protein expression [9] , as well as increased SOD enzyme activity [38] [39] [40] , after endurance training.
There are considerable conflicting data in the literature regarding eNOS regulation following exercise in rats [41, 42] . Using in situ hybridization, Seki et al. [43] have shown the presence of eNOS mRNA in rat cardiomyocytes and suggested a role for eNOS in the regulation of cardiac function. However, as evident in the immunohistochemical staining, eNOS protein is predominantly present in the vascular endothelium, which comprises a minor portion of the total cardiac tissue. By analysing eNOS gene expression in whole left ventricle tissue, we failed to show any difference in cardiac eNOS gene expression between exercised and control animals. This could be due to the lack of a specific method for analysis of gene expression in isolated coronary arteries. However, this present observation is consistent with our previous finding of unaltered eNOS expression in thoracic aorta from exercised rats [7] . Indeed, eNOS expression is known to be up-regulated in SHR compared with WKY rats [13, 44] . As previously suggested by us in SHR [7] , improvement in the vascular antioxidant defence could be a more efficient way to increase NO availability rather than up-regulation of eNOS expression.
Exercise has indeed proven to have cardioprotective effects. Hoshida et al. [45] found that short bouts of exercise provide persistent cardioprotective effects against ischaemia/reperfusion injury. The protection was partly ascribed to a concurrent increase in MnSOD (manganese superoxide dismutase) activity. A similar observation was made by Brown et al. [9] , who found that infarct size, induced by ischaemia, was smaller in hearts from trained rats. This finding was also accompanied by an up-regulation in MnSOD and CuZnSOD protein expression. Furthermore, a recent study by Siu et al. [46] reports an exercise-induced up-regulation of CuZnSOD and MnSOD, which also was negatively correlated with several apoptotic indicator enzymes. Thus, besides the direct vascular effects in terms of increased CFR, an exercise-induced increase in cardiac antioxidant capacity may contribute further to the cardioprotective effects associated with physical exercise.
Our previous ex vivo [7] and present non-invasively assessed data show clearly that the weight-adjusted LVM was increased significantly in exercised rats. However, when comparing relative wall thickness by adjusting LVM with echocardiographically assessed end-diastolic volume, no difference was found between exercised and control animals. This suggests that exercise-induced cardiac hypertrophy is of an eccentric, rather than concentric, nature, as evident in hypertension, which is associated with decreased CFVR [47] . The lack of association between LVM and CFVR in our present study population suggests further that the improved CFR in response to exercise is independent of exerciseinduced cardiac hypertrophy, an observation supported by Buttrick et al. [33] .
As a complement to traditional invasive techniques to assess CFR and coronary artery function, i.e., radiomicrospheres [48] , intracoronary Doppler guide-wire [31] etc., several interesting novel non-invasive imaging techniques, for example PET and MCE, have been established over recent years and are applicable from small animals to man [27, 49] . This approach has indeed facilitated translational physiology and substantially increased the relevance of basic animal experimental research. Although PET is an expensive technique and requires radioactive tracers, MCE appears to be a more cost-efficient method to assess myocardial blood flow. MCE also has the advantage of using conventional echocardiographic imaging windows, which facilitates common acceptance of the technique among sonographers. CFVR, on the other hand, requires additional training of an experienced sonographer to assure a high success rate and reproducibility. However, after a short period of training, the CFVR protocol is highly feasible and the interpretation of the Doppler signal is straightforward. No further regression analysis is required as in the case of MCE. Furthermore, potential direct negative effects of several contrast agents on the cardiac structure and function, especially when high doses are used in rodents [50] , may suggest that CFVR could be an interesting optional approach. The CFVR protocol described in the present study is indeed a highly feasible less costly and less time-consuming method to assess in vivo rat CFVR, which is a physiological biomarker of increasing interest within cardiovascular research in man [11] .
Study limitations
One of the limitations of the present study is the lack of a comparative method, such as invasive Doppler flow probe-assessed flow velocity signals. Unfortunately, the technique is not available to us at present. Furthermore, we also have concerns that this invasive approach may introduce several potential complications, such as altered intrathoracic pressure, surgery-induced stress etc., which may make the Doppler flow probe approach not fully comparable with the present protocol. Also, due to the inadequate imaging resolution, we could not provide any data on in vivo coronary artery diameter during adenosine infusion at present. Although it has been shown in humans that adenosine primarily dilates resistance arteries without any significant effects on the diameter of epicardial vessels, any potential direct vasodilating effects of adenosine in rat epicardial vessels still remain unknown. If this were the case, our CFVR values would underestimate CFR in rats. However, when comparing amplitudes of the Doppler-assessed CFVR values to CFR values obtained using PET in a similar experimental condition, no difference is evident [27] . This may contradict a direct adenosine-induced vasodilating effect on LAD at least in control rats. However, caution still needs to be taken due to possible altered adenosine response in epicardial vessels following exercise, which may cause an underestimation of CFVR values in exercised animals.
In conclusion, voluntary physical exercise causes increased CFVR and is also accompanied by increased cardiac CuZnSOD gene expression. The CFVR protocol provides a novel non-invasive tool to assess coronary artery function in living rats.
